INTRODUCTION
The interference between two closely arranged bodies drastically changes the flow around them; as a result, aerodynamic characteristics such as the drag and lift forces, the pressure distribution , the Strouhal number, and vortex shedding patterns differ significantly and depend strongly on the spacing between the two bodies. Such arrangement of two bodies can be found in many cases, such as cooling system for nuclear power plants, chimney stacks , power transmission lines, heat exchanger tubes, suspension bridges, radar mast vibrations , and structures on land and in the ocean. In many of these engineering applications, the periodic shedding of Karman vortices causes the fluctuating aerodynamic forces on the bodies. Due to having many engineering applications of two bodies in various arrangements , many researches have been done on two circular cylinders in a tandem, side-by-side and staggered arrangements. Previous studies of such configurations , by Bi ermann and Herrnstein [1] , Hori [2] , Zdrav-k ovich and Pridden [3, 4] , Okajima [5] , Igarashi [6, 7] , and Hiwada et al. [8] have revealed considerable complexity in the fluid dynamics . All of these researches are concerned with only time-averaged drag force, pressure distributions , and flow visualization. There have been few studies on the fluctuating lift and drag forces that are responsible for the major problems like vibrations and noise . Arie et al. [9] evaluated the fluctuating lift and drag forces acting on two circular cylinders in a tandem arrangement only for certain spacings from the distribution of rms surface pressure and the circumferential correlation coefficients.
Comparing previous investigations on two circular cylinders in a tandem arrangement, many disagreeable points among them were perceived. Igarashi [6] noted some disagreeable points in this regard . H owever, compared with studies on two circular cylinders, systematic measurements of the fluctuating lift and drag forces acting on the cylinders are very scant, and still many unknowns remain. Also, mutual interference of two cylinders is strong in a tandem and is weak in a side-by-side arrangement [2] and intermediate tendency can be expected in a staggered arrangement.
Hence the aim of this study was to examine the characteristics of fluctuating lift and drag forces acting on two circular cylinders in a tandem arrangement and to clarify flow patterns over the cylinders. Measurements of time-averaged drag , fl uctuating lift and drag forces acting on the cylinders were carried out systematically.
EXPERIMENTAL ARRANGEMENT AND PR-
OCEDURES Experiments were conducted in a low-speed , closed-circuit wind tunnel with a test section of 0 .6 m high, 0.4 m wide, and 5.4 m long. The free-stream turbulence intensity in the working section was about 0.19% at the free-stream velocity of 20 m/s, which was the velocity employed in the present experiment. Three types of circular cylinder were used for the experiment; a cylinder with two load cells installed inside the body was used for the measurement of fluid forces, and a cylinder with a semiconductor pressure transducer installed inside the body was used for the measurement of time-averaged and fluctuating pressures. The other cylinder was used as a dummy one. The cylinders tested were machined brass with 49 mm diameter with smooth surface finish.
The cylinder for the measurement of fluid forces was composed of two parts, namely an active('live') section and a dummy section, and a load cell on which four semiconductor strain gauges were installed was set inside each section. The shown in Fig. 1 . 
RESULTS AND DISCUSSION

Time-averaged drag force
Variations of the time-averaged drag coefficient, CD, of the upstream and the downstream cylinders against spacing ratio, L/D, are shown in Fig. 2 together with the results of Biermann and Herrnstein [1] and Zdravkovich and Pridden [4] . The drag coefficient of the upstream cylinder decreases gradually with the increases of the spacing between the cylinders. On the other hand, the drag coefficient of the downstream cylinder forms a peak at L/D=1.40. This type of peak was also found in the previous reports [3, 6, 8] . Zdravkovich & Pridden [3] placed a third cylinder behind the downstream cylinder in order to exclude the effect of the wake of the downstream cylinder and the second cylinder was monitored but the peak did not disappear completely. Thus, it seems that the peak is not only due to the effect of the wake of the downstream cylinder but also due to the effect of flow in the gap between the cylinders. The well-known bistable flow occurs at L/D=3.0 (critical spacing) where two values of the drag coefficient are seen for two different flow patterns, namely: reattachments flow and jump flow. B eyond L/D=3.0, though two cylinders form vortices individually behind them, the drag coefficient of the downstream cylinder exhibits a much smaller value than that of the upstream cylinder or a single one. This is due to fact that the downstream cylinder is exposed to a wake velocity less than free-stream velocity, U0, and more highly turbulent flow created by the upstream cylinder.
As the spacing increases, the downstream cylinder leaves gradually the wake of the upstream cylinder. So, CD of the downstream cylinder increases gently. 
Fluctuating pressure
In order to get a concept about the flow patterns around the cylinders, rms pressure coefficients, Cpf, on the surface of the cylinders were measured for certain spacings, and are shown in Figs. 3(a, b) . First for L/D<3, the magnitude of the rms pressure on the surface of the upstream cylinder is much lower than that for a single cylinder and decreases with increasing spacing. In this range of spacing, the shear layer separated from the upstream cylinder reattaches onto the surface of the downstream cylinder and divides into two shear layers at the reattachment point. One shear layer indicated by (1), (hereafter referred to as the downstream shear layer) flows to the downstream and the other shear layer indicated by (2) (hereafter referred to as the upstream shear layer) flows to the upstream direction. The rms pressure distribution for L/D=0.10 has two peaks: the first one is near the separation point, and the second one is on the rear surface and is due to reattachment of the upstream shear layer. The reattachment of the upstream shear layer was also confirmed by the surface oil-flow patterns. For L/D=2.50 where the shear layer separated from the upstream cylinder reattaches almost steadily onto the surface of the downstream cylinder, the both peaks vanish and the profile becomes flat. Immediately after the critical spacing, say, L/D=3.5, the fluctuating pressure sharply increases to a level higher than that of a single cylinder.
The pressure fluctuation on the surface of the downstream cylinder is very large compared with that of a single cylinder or corresponding upstream cylinder. In case of L/D=0.30, three peaks are self-evident in the fluctuating pressure distribution. The middle peak is near the reattachment of the shear layer separated from the upstream cylinder, and the first peak is due to separation of the upstream shear layer f ormed from the main shear layer, and the downstream shear layer separation causes the third peak on the rear surface. The fluctuating pressure on the surface of the cylinder increases with increasing spacing up to L/D=1.40. At this spacing, Co on the whole surface becomes maximum and decreases again as the spacing increases. It is obvious that in case of L/D=1.40, Cpf is strong not only on the top surface but also on the front and rear surfaces . Thus in this case, the upstream and the downstream shear layers roll strongly in the gap between the cylinders and behind the downstream cylinder, respectively. 
Fluctuating lift and drag forces
Variations of the fluctuating lift coefficient, Cu, and the fluctuating drag coefficient, CDf, plotted against the spacing ratio, L/D, are shown in Fig. 4 and 5, respectively including the measurement of Arie et al. [9] . From the figures, it is seen that fluctuating lift and drag coefficients of the downstream cylinder are very sensitive to the spacing between the cylinders especially before the critical spacing. The figures show that there exist two noteworthy peaks in each of the figures at L/D=0.35 and 1.40 for the downstream cylinder and a peak at L/D=0.35 for the lift coefficient of the upstream cylinder. The abovementioned peaks are not self-evident in the result of Arie et al. Th e value of the fluctuating lift and drag coefficient of the downstream cylinder at L/D=1.40 where the second peak occurs is 2 and 2.8 times, respectively that of a single cylinder. Also it has been discussed in the previous section that fluctuating pressure on the whole surface of the downstream cylinder is maximum for L/D=1.40. The value of the fluctuating lift coefficient of a single cylinder for the present case is 0.445 and that for Lesage et al. [11] case is 0.45. Both values are very close to each other due to same Reynolds number. But the value for the case of Arie et al. [9] and Batham [10] is quite different from the value of the present case. This is due to fact that the fluctuating fluid force acting on a circular cylinder strongly depends on Reynolds number [12] . By observing the figures, it is clear that the fluctuating lift and drag forces of the downstream cylinder are much higher than that of the upstream cylinder not only before the critical spacing but also beyond the critical spacing. 
Reattachment position
It is well-known that before the bistable flow spacing, the shear layer separated from the upstream cylinder reattaches somewhere onto the surface of the downstream cylinder. The reattachment position, OR , obtained from surface oil-flow techniques and the peak of the time-averaged pressure distribution is shown in Fig. 6 together with the result of Zdravkovich and Pridden [4] and Hiwada et al. [8] . The result obtained from the peak of the pressure distribution has a good accord with the result obtained from surface oil-flow patterns. By comparing Figs. 4, 5 and 6, it is obvious that there is a dormant relationship of the values of the fluctuating lift and drag coefficients of the downstream cylinder with the reattachment position of the shear layers. For L/D=0.10, the reattachment position of the shear layers is 750. As the spacing increases, OR precedes forward sharply and Cu and CDf increases at the same rate. When the distribution of OR creates a valley at L/D=0.35, the Cu and CDf distributions create a peak at the same spacing. Again, when OR recedes backward for the spacings 0.35<L/D<0.8, the CLf and The figure 7 shows the relationship between the magnitudes of the time-averaged pressure, CPR, at the reattachment position and the reattachment position, OR, of the shear layers when the spacing between the cylinders is changed. From the figure, it is seen that CPR has the inverse relationship with position of reattachment, that is, CPR increases when OR precedes forward, and CPR decreases when OR recedes backward. At L/D=0.35 and 1.40 where the OR reaches to minimum, the CPR reaches to maximum. It is comprehensible that when a shear layer attaches on a surface with a smaller incidence angle (angle between the approaching shear layer and a normal to the surface at the reattachment point), the pressure at the reattachment point becomes higher. Thus, for the present case, when the reattachment position precedes forward, the incidence angle of the shear layers becomes smaller and vice versa. As the CPR is maximum at L/D=1.40, the incidence angle of the shear layers on the surface seems to be minimum. Therefore, at L/D=1.40, the approaching shear layers confront the downstream.
cylinder having more bluffness than that of the other positions and that results a stronger rolling of the di vided shear layers in the gap and behind the downstream cylinder. Due to strong rolling of the divided shear layers, the fluctuating fluid forces become maximum at L/D=1.40.
CONCLUSION
Main results of this study may be summarized as follows:
(1) The fluctuating lift and drag forces acting on the d ownstream cylinder are greater than that of the upstream one and the time averaged drag force of the downstream cylinder is less than that of the upstream one for any spacing. (1) As for the hexagonal model in smooth and in turbulent flow, since broad band spectral peaks were observed in two different frequencies, the corresponding two Strouhal numbers are shown in the Table. The Fig.9 ) The spectrum at position 1 shows larger power. But since the pressure fluctuation at this point is thought to be sensitively affected by the approaching flow, this point should be expected from the discussion. In consequence, the surface pressure fluctuation at the slight upstrteam position from the reattaching point gives most significant contribution to the buffeting force from the viewpoint of its magnitude. The higher coherence observed in the buffeting force is, therefore, caused by the spanwise uniform nature of the separation bubble.
On the other hand, there is no big difference in the magnitude of the cross spectrum of the hexagonal cross section over the surface from the leading edge to the trailing edge. In other words, not only the cross spectrum but the coherence also specifies the most important position which contributes significantly to the buffeting force. Based on the previous observation in Figs.7 and 8, it is concluded that almost the entire side surface contributes the higher coherence buffeting force characteristics. These flow characteristics which determine the coherence of the surface pressure, and buffeting force in consequence, consist of two factors: one is the effect of separation and reattachment which are formed by the model itself, the other is the-effect of the approaching flow.
4. CONCLUSION Some concluding remarks are indicated as follows: 1) For the rectangular cross section, the pressure on the side surface shows higher coherence level in the upstream of the reattaching point. This tendency is identical in smooth and in turbulent flow. The spanwise two-dimensional properties of the separation bubble play most important role. 2) For the hexagonal cross section, the coherence keeps higher level in almost entire side surface. The flow after the reattachment may also have spanwise two-dimensional nature.
3) The contribution to the higher coherence of the buffeting force is discussed by the cross spectrum. The most significant point for the rectangular cross section is evaluated as the slight upstream position from the reattaching point. This tendency is observed also in smooth flow. On the contrary, there is no big difference in the cross spectrum for the hexagonal cross section. This leads that the pressure field on the entire surface plays important roles on the two-dimensional buffeting force characteristics. The wake of a stationary circular cylinder, placed in an uniform flow perpendicular to its axis, is a classic problem in bluff body aerodynamics. It is well known that the first instability of a circular cylinder wake occurs at a Reynolds number (Re) of around 47. Above that Reynolds number, the wake becomes time-independent, which is characterized by two rows of opposite-signed vortices, known as the von Karman vortex street. At a slightly higher Re (usually less than 200), the 2-D wake becomes unstable to three-dimensional disturbances. The transitional process of a circular cylinder wake has attracted much attention recently, and due to the extensive and in depth research work of Williamson, it becomes well known that the circular cylinder wake transition regime involves two modes of small scale three-dimensional instabilities, referred to as modes A and B. Modes A and B occur in different Reynolds number ranges, and associated with different spanwise wavelengths. The existences of modes A and B correspond to the two discontinuities on the S-Re Curve for a circular cylinder. At the same time, it should be clarified whether the three dimensional transitional process is due to the intrinsic instability of the flow, or due to the three dimensional conditions of the experimental set-up. It was recognized earlier that different end conditions had dramatic effects on the flow past a circular cylinder. Williamson1, Hammache & Gharib2 and Noberg3 etc. had done much work in this area. By modifying the circular cylinder's end conditions, two-dimensional parallel shedding can be maintained by different methods. some valuable information about the square cylinder wake transition by employing Floquet analysis method and DNS, respectively. Both of them found that although some differences exist, there were much similarity between the wake transitional processes of square and circular cylinders. In the present paper, hot film anemometry and flow visualization are used to investigate the effects of end conditions on both circular and square cylinder wakes. Angled endplates were installed at the ends of cylinder. It will be shown that different endplate inclinations have substantial effects on the S-Re curve for flow past a circular cylinder, and parallel shedding for both circular and square cylinder wakes can be maintained with endplates inclined at certain angles.
EXPERIMENTAL SETUP AND PROCEDURE
The measurements were carried out in a low speed vertical water tunnel specially designed for the present research. This tunnel has a square cross section with a side length of 200mm. The cylinder was placed horizontally in the test section. Careful attention was paid to isolate the vibration caused by pumps.
In this water tunnel, in the velocity range of 24-70mm/s, the free stream turbulence intensity is less than 1%, and the velocity beyond the wall boundary layer is uniform across the test section to within 3% of the free-stream speed Uo. The coordinate system was shown in Fig.1, defined with the x-axis in the streamwise direction, y-axis perpendicular to the flow and cylinder axis, and the z-axis coincident with the cylinder axis. The origin was taken to be at the center of the cylinder.
For hot film measurements, a polished stainless steel circular cylinder with a diameter (D) of 4.76mm was used in the present investigation. End plates with diameter of 70mm were placed at 170mm apart on the A Dantec hot film and CTA system was used in present experiment. The hot film was positioned outside the separating shear layers in the near wake region (y/D=1.5 and x/D=2), and very close to the middle span (i.e. z/D=0) of the cylinder. The time traces of the streamwise velocity were recorded and processed by the HP VEE software. By using fast Fourier transformation (FFT), a spectrum can be obtained from the time trace of wake velocity. For each time trace, 65,536 samples were recorded at 800 samples per second. The shedding frequency (f) was taken as the frequency that corresponds to the peak in the calculated spectra. In the present investigation, each spectrum was actually the arithmetic mean of about eight spectra. The Strouhal number is defined as S=fD/U0. For flow visualization experiment part, dye was ejected from a spanwise slot on the surfaces of the hollow circular and square cylinders. We have made a series of experiments on the effects of turbulence on the mean flow past two-and three-dimensional bluff bodies. The following results are obtained with emphasis placed on finding possible effects of turbulence scale as well as turbulence intensity 2-5) : the flow in the bluff-body near wake is governed by the two basic flow phenomena; one is flow separation and reattachment, and the other is vortex shedding; if either or both of these two phenomena are influenced by the disturbances introduced into the flow field , any flow parameters related to the near wake may be subjected to significant changes; the length scales that are associated with these two phenomena can be the shear-layer thickness on the one hand, and on the other, the spacing between the two shear layers , or frame, eight circular cylinders with the span length of 1.6m, which consist of two 23mm-diameter (d) cylinders, two 30mm-diameter ones and four 90mm-diameter ones, are horizontally mounted with separations larger than 5d. In order to avoid any strong interference by the measurement frame, the cylinder models have circular end plates of 32cm in diameter for 23mm-and 30mm-cylinder models and of 50cm in diameter for 90mm-cylinder models as shown in Figure 2 . The circular cylinder models have a smooth surface and rough surfaces with three different circular-groove arrays in size. The measurement frame driven by a motor can rotate horizontally on its axis so as to follow the change in wind direction, accordingly the wind direction is always almost normal to the cylinder models. The drag of each cylinder model is measured with two load cells set at the both ends of a cylinder ( Figure 2 ) and the each output is obtained through a strain-amplifier. To measure the wind speed, two three-cup anemometers are set on the top and bottom of the measurement frame and a wind direction vane is set on the top of the frame. The all outputs from load cells, anemometers and a direction vane are recorded with a 32ch analog tape-recorder and three pen-recorders.
RESULTS
Measurement was conducted when the typhoon T9806 came close to the site on September 18, 1998. The typhoon did not bring any rain to the site. The maximum and minimum wind speeds for the experiment were approximately 26m/s and 13m/s.
The turbulence characteristics of the wind
The wind data recorded with two anemometers are digitized with an A/D converter at a sampling frequency of 10Hz. The power spectra of wind velocity fluctuations are analyzed by the autoregression (AR) method. Figure 3 shows an example of non-dimensionalized power spectra of u-velocity fluctuation (streamwise component). The spectrum shows a wide inertial subrange of the -5/3 power law that is a feature of the atmospheric turbulence.
In this case, the mean wind speed is 17.6m/s, the turbulence intensity of u-component is 17. 
INTRODUCTION
Wind effects have caused design problems for engineers in many different ways, especially in tall building design, such as cladding pressures, internal pressures, and pedestrian level winds. Dynamic wind response is an area with growing importance as modem structures are getting taller and "lighter". For sizes of typical skyscrapers, serviceability, which includes the acceleration response of a building, is often the major design criterion.
Ever since the problem of dynamic response was recognized by structural engineers, numerous ways of tackling it have been proposed. Tuned mass dampers [1] and sloshing dampers [2] and their derivatives [1, 3, 4] are the more classic ways of vibration control and utilise only mechanical mechanisms. On the other hand building shapes [5] , corner modifications [6] , horizontal or vertical slots [6, 7] , moving boundary layer control [8] , and other aerodynamic appendages [9] are-relatively new ways to counter the problem by means of excitation control.
This paper outlines an experimental study on the effects of vibrating leading edge flaps, similar to the ones described by Mizota and Okajima [10] , on the cross-wind excitation of a rigid 2D square prism pressure model. Effects of flap frequency, amplitude, and mean flap angle are discussed.
EXPERIMENTAL STUDY
Rigid Pressure Model
In the wind tunnel experiments a rigid 2D square prism pressure model was used. The model had dimensions of 200mm x 200mm x 1000mm. A circular end-plate of diameter 2m was located at each end of the model in order to make the approaching flow two dimensional. The edge of the end-plate was rounded to minimise boundary layer growth on the end-plate due to initial separation. The size of endplates, necessary for 2D bluff body model tests, was chosen by following the recommendations of Kubo [ 11] . Each of the side walls was populated with 20 pressure taps in 5 stream-wise locations with the four pressure taps at each stream-wise location manifolded together using a 4 to 1 pressure manifold. Pneumatically averaged pressures on the opposite faces of the model were connected to the opposite sides of pressure transducers, enabling the measurement of cross-wind differential pressures on the model. More detail can be found in [12] . The distribution of the pressure taps is shown in Fig . 1 . The flaps were designed to vibrate about the two leading edge corners of the model where flow separation occurs. They were hinged along these corners. The flapping motion was sinusoidal and was driven by two high frequency linear actuators for a range of frequencies, amplitudes and mean angles. The length of the flaps is believed to play an important role, and while a large chord is believed to have a more significant effect on cross-wind excitation, for practical reasons it is not desirable. The authors chose a flap length of 10% of the model width for this study, a size which was judged to be a good compromise between the two conflicting criteria.
Wind Tunnel Configuration
The pressure model was situated in the middle of a 3m x 6m open jet Twisted Flow Wind Tunnel at The University of Auckland. The twisting vanes were removed and inserts were used to reduce the jet to 3m x 3m during this study. The Reynolds number was kept constant at 1 x 105 throughout the study. Uniformity of the mean flow speed and turbulence intensity were checked using a hot-wire probe.
Data Collection
Pressure data were collected using 5 scanivalve pressure transducers via the manifolded tubing system described. Sixty-four blocks of 8192 pressure samples per channel were collected at 400 Hz. The gain of the overall tubing system was within 10% of unity up to 200Hz and the phase shift was linear up to 250Hz. Details of the response of the tubing system can be found in ref [12] . Electrical signals were amplified and low-pass filtered at 200Hz and then digitised using an analogue-to-digital converter in a PC for later processing.
The Wind Tunnel Tests
The wind tunnel tests were carried out to investigate the effect of flap vibrational parameters on the cross-wind forces developed on a 2D square prism. Details of each test are shown in Table 1 and the definitions of each parameter are illustrated in Fig. 2 . These parameters were chosen to covered the range of interest whilst being within the limitations of the equipment. To limit the number of variables and to provide a base-case, the flow in the wind tunnel was smooth and angle of attack was kept at 0 degrees. Only the flap vibrational parameters such as flap reduced frequency (defined using the flap vibrational frequency, the model width, and the mean flow speed), and amplitude were varied in the study described herein. The flaps were worked in pairs throughout the experiment; when one flap swung outward, the other retracted, and vice versa, hence giving a 180 degree phase difference between the two flaps. 
Post Processing
This study focused mainly on the frequency domain analysis of the pressure fluctuations on the sidewalls of the model, although the pressure data were analysed in both the time and frequency domains.
Means and variances of the pressures were calculated and presented in dimensionless coefficient form. They were also combined across different channels to give unsteady cross-wind force coefficients. Results from testing different wind tunnel and vibration parameters were compared.
In the frequency domain analysis, individual power spectra of the 64 blocks of time series data were calculated using normal 141-414 procedures and then averaged together. Ensemble averaging with varying ensemble size was performed as described in a previous study [12] . The effects of vibrational parameters on force and pressure coefficients in different frequency bands were investigated .
RESULTS AND DISCUSSION
Time Domain Analysis Fig. 3 contains the standard deviation of the sideforce coefficient, CLrms, measured from data set 1-9. It shows the effect of flap vibrational frequency on the unsteady lift coefficient of the square prism at a mean flap angle of 35 degrees and with a relatively small flap amplitude. In this figure CLrms from data set 1 and 2 were both 1.26 and appear in the plot as 1 point. Data set 1 represents a plain square model while data set 2 corresponds to a square model with stationary flaps at 35 degrees. The value of 1.26 is within the range of other measured values [13, 14, 15] . As the reduced flap frequency increases from 0 to 1.29, the unsteady lift coefficient reduces by slightly more than 30% from 1.26 to 0.86 . 
CONCLUSIONS
For a square prism with vibrating leading edge flaps: 1. Increasing the reduced frequency of the vibrating flaps from 0 to 1.29 reduced CLrms, by more than 30%. 2. Increasing the vibrational amplitudes from 0 to 7 degrees reduced C, by up to 70% 3. There seems to be an optimal mean angle for reducing the unsteady lift, and for a reduced vibrational frequency of 1.29 and an amplitude of 2.8 degrees, the optimal mean angle is around 40 degrees. 4. Reduction in unsteady cross-wind force with increase in flapping frequency was achieved by weakening the pressure fluctuations over a broad frequency band. Increasing flap frequency seems to have similar effect on pressure fluctuations at different frequency bands. 5. Reduction in unsteady cross-wind force with increase in flap amplitude was caused mainly by weakening of the pressure fluctuations around the shedding frequency.
Hence it is believed that large amplitude flap vibrations disrupt the vortex shedding process.
